We have shown that SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) proteins not only participate directly in exocytosis, but also regulate the dominant membrane-repolarizing Kv channels (voltage-gated K + channels), such as Kv2.1, in pancreatic β-cells. In a recent report, we demonstrated that WT (wild-type) Syn-1A (syntaxin-1A) inhibits Kv2.1 channel trafficking and gating through binding to the cytoplasmic C-terminus of Kv2.1. During β-cell exocytosis, Syn-1A converts from a closed form into an open form which reveals its active H3 domain to bind its SNARE partners SNAP-25 (synaptosome-associated protein of 25 kDa) and synaptobrevin. In the present study, we compared the effects of the WT Syn-1A and a mutant open form Syn-1A (L165A, E166A) on Kv2.1 channel trafficking and gating. When co-expressed in HEK-293 cells (human embryonic kidney-293 cells), the open form Syn-1A decreased Kv2.1 current density more than (P < 0.05) the WT Syn-1A (166 + − 35 and 371 + − 93 pA/pF respectively; control = 911 + − 91 pA/pF). Confocal microscopy and biotinylation experiments showed that both the WT and open form Syn-1A inhibited Kv2.1 expression at the plasma membrane to a similar extent, suggesting that the stronger reduction of Kv2.1 current density by the open form compared with the WT Syn-1A is probably due to a stronger direct inhibition of channel activity. Consistently, dialysis of the recombinant open form Syn-1A protein into Kv2.1-expressing HEK-293 cells caused stronger inhibition of Kv2.1 current amplitude (P < 0.05) than the WT Syn-1A protein (73 + − 2 and 82 + − 3 % of the control respectively). We found that the H3 but not H ABC domain is the putative active domain of Syn-1A, which bound to and inhibited the Kv2.1 channel. When co-expressed in HEK-293 cells, the open-form Syn-1A slowed down Kv2.1 channel activation (τ = 12.3 + − 0.8 ms) much more than (P < 0.05) WT Syn-1A (τ = 7.9 + − 0.8 ms; control τ = 5.5 + − 0.6 ms). In addition, only the open form Syn-1A, but not the WT Syn-1A, caused a significant (P < 0.05) left-shift in the steadystate inactivation curve (V 1/2 = 33.1 + − 1.3 and − 29.4 + − 1.1 mV respectively; control V 1/2 = − 24.8 + − 2 mV). The present study therefore indicates that the open form of Syn-1A is more potent than the WT Syn-1A in inhibiting the Kv2.1 channel. Such stronger inhibition by the open form of Syn-1A may limit K + efflux and thus decelerate membrane repolarization during exocytosis, leading to optimization of insulin release.
INTRODUCTION
In regulated exocytosis of neurotransmitters or hormones, Ca 2+ -triggered fusion of secretory vesicles with the plasma membrane is preceded by at least two distinct steps: (1) docking of the vesicles at the plasma membrane followed by (2) priming, whereby the vesicle SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) protein synaptobrevin and two plasma-membrane target-SNARE (t-SNARE) proteins SNAP-25 (synaptosome-associated protein of 25 kD) and Syn-1A (syntaxin 1A) assemble to become a complex [1] [2] [3] . Such a complex formation pulls the vesicle and plasma membranes into very close contact, rendering the membranes ready for fusion.
When the cell is depolarized, Ca 2+ influx through VDCC (voltage-dependent Ca 2+ channels) is sensed by synaptotagmin causing its interaction with the t-SNARE proteins to initiate exocytosis [4, 5] . This core complex formation between the SNARE proteins is prevented when Syn-1A adopts a closed form, whereby the Nterminal H ABC domain of Syn-1A folds back on to the C-terminal SNARE motif (H3 domain), thus preventing the latter binding SNAP-25 and synaptobrevin [6] [7] [8] . During priming, the closed form Syn-1A opens up to form a core complex with its SNARE partners [6] [7] [8] . After exocytosis, the SNARE complex disassembles and Syn-1A resumes its closed form. An important regulator for priming appears to be Munc-13 [5, 8] . Convincing evidence for this Munc-13-syntaxin interaction in priming came from experiments employing a constitutively open mutant form of syntaxin by introducing two mutations (L165A, E166A) at the linker region between H ABC and H3 [6, 9] . In the Caenorhabditis elegans unc-13 mutant, expression of the open form of syntaxin, but not the WT (wild-type) form, can rescue the nematodes from paralysis, neurotransmission defects and behavioural abnormalities [9] . Therefore the open form Syn-1A can bypass the requirement for unc-13 in vesicle priming.
SNARE proteins are known to be tethered to various VDCCs [10, 11] . This physical intimacy not only allows SNARE proteins to be immediately exposed to a high local Ca 2+ concentration permeating through the VDCC, but also facilitates direct modulation of VDCC gating by the SNARE proteins [10] [11] [12] [13] . Outward K + currents through Kv channels (voltage-gated K + channels) are responsible for repolarization, which results in the closure of VDCC and subsequently termination of exocytosis [14] [15] [16] . In HEK-293 cells (human embryonic kidney-293 cells) and Xenopus oocyte expression systems, we have shown in co-immunoprecipitation and electrophysiological experiments that SNARE proteins also physically and functionally interact with Kv1.1 and Abbreviations used: GST, glutathione S-transferase; HEK-293 cells, human embryonic kidney-293 cells; Kv channel, voltage-gated K + channel; SNAP-25, synaptosome-associated protein of 25 kDa; SNARE, soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor; t-SNARE, target SNARE; Syn-1A, syntaxin 1A; VDCC, voltage-dependent Ca 2+ channel; WT, wild-type. 1 Correspondence may be addressed to either of the authors (email herbert.gaisano@utoronto.ca and r.tsushima@utoronto.ca).
Kv2.1 [17] [18] [19] [20] [21] [22] . Indeed we have just shown that SNARE proteins co-localize with Kv2.1 and Cav1.2 (L-type VDCC) in lipid raft domains in pancreatic β-cell plasma membrane [23] , providing compelling evidence for the structural basis of the 'excitosome' [10, 11] . Thus SNARE regulation of both the VDCC and Kv channels may help to fine-tune the excitability and exocytosis of actively secretory cells. We have previously shown that WT Syn-1A binds to the C-terminus of Kv2.1 leading to reduction in the magnitude of the Kv2.1 current and modulation of the gating properties of Kv2.1 (slowing down activation and increasing the voltage sensitivity of steady-state inactivation) [21] . We now hypothesize that the conformational changes of Syn-1A during SNARE complex assembly/disassembly in the exocytotic cycle would dynamically regulate Kv2.1 channel activities. We therefore explored the effects of the open mutant form of Syn-1A, and found that it is more potent than the WT Syn-1A in inhibiting Kv2.1 channel activities. The stronger inhibition by the open form of Syn-1A may slow down repolarization and facilitate exocytosis. We have also determined the active domain of Syn-1A for its inhibition on the Kv2.1 channel.
EXPERIMENTAL

Cell culture and transfections
HEK-293 cells were grown at 37
• C in 5% CO 2 in minimal essential medium containing 1 g/l glucose, supplemented with 10 % FBS (Gibco, Gaithersburg, MD, U.S.A.) and penicillin-streptomycin (100 units/ml, 100 µg/ml; Invitrogen, Burlington, ON, Canada). The cells were transiently transfected with green fluorescent protein (0.6 µg) and Kv2.1 (0.2 µg) with or without Syn-1A (1.0 µg) in 35 mm tissue culture dishes using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. One day after transfection, cells were trypsinized, placed in 35 mm tissue culture dishes and cultured overnight before electrophysiological recordings. Transfected cells were identified by visualization of the fluorescence of the co-expressed green fluorescent protein. Only moderately green cells were chosen for experiments. For biotinylation/Western-blot experiments, to obtain a substantial amount of plasma-membrane protein, cells were grown in 100 mm tissue culture dishes and the amount of DNA used was 6 times that mentioned above for each DNA species.
DNA constructs and recombinant GST (glutathione S-transferase)-fusion proteins
The pCMV-Syn-1A (WT) was from R. Scheller (Genentech, South San Francisco, CA, U.S.A.) and pCMV-Syn-1A-L165A/ E166A and pGEX-4T-1-Syn-1A L165A/E166A were from S. Sugita (Toronto Western Hospital Research Institute, Toronto, ON, Canada). The constructs pcDNA3-Kv2.1, pGEX-4T-1-Syn-1A, pGEX-5X-1-Kv2.1-N (encoding amino acids 1-183), pGEX-5X-1-Kv2.1-C1 (amino acids 412-633) and pGEX-5X-1-Kv2.1-C2 (amino acids 634-853) have been reported previously [21] . DNAs encoding Syn-1A-H ABC domain (corresponding to amino acids 1-160) and Syn-1A-H3 domain (amino acids 191-256) were generated by PCR using pCMV-Syn-1A as a template, then subcloned into pGEX-4T-1 vector (Amersham Biosciences Inc., Piscataway, NJ, U.S.A.). All constructs were verified by DNA sequencing. GST-fusion protein expression and purification were performed according to the manufacturer's (Amersham Biosciences) instructions. Before elution of the GST-fusion protein from glutathione-agarose beads, Syn-1A protein was obtained by cleavage of GST-Syn-1A with thrombin (Sigma, St. Louis, MO, U.S.A.)
In vitro binding assays
HEK-293 cells were transfected with pcDNA3-Kv2.1, pCMVSyn-1A (WT) or pCMV-Syn-1A-L165A/E166/A using LIPOFECT-AMINE TM 2000. Two days after transfection, the HEK-293 cells were washed with ice-cold PBS (pH 7.4), then harvested in binding buffer (25 mM Hepes, pH 7.4, 100 mM KCl, 2 mM EDTA, 2 % Triton X-100, 20 µM NaF, 1 mM PMSF, 1 µg/ml leupeptin and 10 µg/ml aprotinin). The cells were lysed by sonication and insoluble materials were removed by centrifugation at 25 000 g at 4
• C for 30 min. For binding assay, the cell extracts were mixed with GST (negative control), GST-Kv2.1-N, GST-Kv2.1-C1, GST-Kv2.1-C2, GST-Syn-1A-H ABC , GSTSyn-1A-H3 or GST-Syn-1A-WT (all bound to glutathione agarose beads, 600 pmol protein each) and incubated at 4
• C with constant agitation for 2 h. The beads were then washed three times with binding buffer. The samples were separated by SDS/ PAGE (8 or 15 % gel), transferred on to a nitrocellulose membrane (Millipore, Bedford, MA, U.S.A.) and identified with antibody against Syn-1A (1:2000, Sigma) or Kv2.1 (1:1000, Upstate Biotechnology, Lake Placid, NY, U.S.A.).
Electrophysiology
HEK-293 cells were voltage-clamped in the whole-cell configuration [24] using an EPC-9 amplifier and Pulse software (HEKA Electronik, Lambrecht, Germany) as we previously described [21] . Recording pipettes were pulled from 1.5 mm borosilicate glass capillary tubes (World Precision Instruments, Sarasota, FL, U.S.A.) using a programmable micropipette puller (Sutter Instrument, Novato, CA, U.S.A.). Pipettes were then heatpolished and tip resistances ranged from 1.5 to 3 M when filled with intracellular solution, containing (mM) 140 KCl, 1 MgCl 2 , 1 EGTA, 10 Hepes and 5 MgATP (pH 7.25 adjusted with KOH). Bath solution contained (mM): 140 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 Hepes (pH 7.3 adjusted with NaOH). After a wholecell configuration was established, the cell was held at − 70 mV and subjected to various experimental methods as detailed in the Results section and legends. Steady-state outward current was determined as the mean current in the final 95-99 % of the pulse. All experiments were performed at room temperature (∼ 22
• C). Results obtained for the voltage dependence of activation and steady-state inactivation were fit by the Boltzmann equation:
for fitting steady-state inactivation), where V 1/2 is the half-maximal activation potential (for voltage dependence of activation) or the half-maximal inactivation potential (for steady-state inactivation), and k the slope factor. Results are presented as means + − S.E.M. ANOVA was used for multiple group comparisons and statistical significance was determined by Student-Newman-Keuls test. A P < 0.05 was considered statistically significant.
Confocal immunofluorescence microscopy
Laser confocal immunofluorescence microscopy experiments were performed as described previously in [21] . Transfected HEK-293 cells were fixed with 100 % methanol on 3-aminopropyltriethoxysilane-treated glass slides. The slides were then incubated at 4
• C overnight with mouse monoclonal anti-Kv2.1 (1:100; Upstate Biotechnology) and rabbit anti-Syn-1 (1:100; Calbiochem, San Diego, CA, U.S.A.). The slides were rinsed four times in PBS containing 0.1 % saponin and treated with secondary antibodies (FITC sheep anti-mouse IgG 1:500 or Texas Red-labelled goat anti-rabbit IgG 1:250) for 1 h. Next, they were incubated with 0.1 % p-phenylenediamine (ICN, Cleveland, OH, U.S.A.) in glycerol and examined using a laser scanning confocal imaging system (LSM-410; Carl Zeiss, Thornwood, NY, U.S.A.). FITC signal was visualized by excitation at a wavelength of 488 nm and the emitted fluorescence was measured through a 515 to 540 nm bandpass filter. Texas Red signal was visualized by an excitation wavelength of 568 nm and the emitted fluorescence was detected through a 590 nm long-pass filter.
Cell-surface biotinylation
HEK-293 cells were washed and harvested in PBS, 2 days after transfection. The cells were further washed with borate buffer (154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl 2 and 10 mM boric acid, pH 9.0) and then incubated in 5 ml of sulpho-NHS-SS-biotin (0.5 mg/ml; Pierce Biotechnology, Rockford, IL, U.S.A.) in borate buffer at 4
• C for 30 min. After washing three times with ice-cold quenching buffer (192 mM glycine and 25 mM Tris, pH 8.3), cells were solubilized on ice in 500 µl of immunoprecipitation buffer (1 % deoxycholic acid, 1 % Triton X-100, 0.1 % SDS, 150 mM NaCl, 1 mM EDTA and 10 mM Tris/HCl, pH 7.5) containing a cocktail of protease inhibitors (Roche Diagnostics, Mannheim, Germany). The cell lysate was centrifuged for 20 min at 16 000 g, and the supernatant was retained. Immobilized streptavidin resin (50 µl; Pierce; 50 % slurry in PBS containing 2 mM NaN 3 ) was added to the supernatant, which was then incubated overnight at 4
• C with gentle rocking. Samples were centrifuged for 2 min at 8000 g, and the resin was washed five times with immunoprecipitation buffer. The protein was eluted from the resin by the addition of SDS/PAGE sample buffer containing 5 % (w/v) 2-mercaptoethanol and incubation at 65
• C for 5 min. The samples were analysed for Kv2.1 expression by Western blotting using anti-Kv2.1 (1:1000, Alomone Labs, Jerusalem, Israel). Integrated density of the bands was determined by using a commercial software (Scion Image Beta 4.02; Scion Corporation, Frederick, MA, U.S.A.).
RESULTS
Open form and WT Syn-1A decreased Kv2.1 channel surface expression and current density As shown in Figure 1 (A), substantial outward K + currents were triggered by increasing depolarizing steps in HEK-293 cells transfected with Kv2.1 alone. Co-expression with WT Syn-1A or open form Syn-1A drastically decreased Kv2.1 current density (Figure 1A) . The results are summarized in the I-V relationship shown in Figure 1 (B). Open form Syn-1A decreased Kv2.1 current density more than WT Syn-1A as measured at + 70 mV (166 + − 35 and 371 + − 93 pA/pF respectively; control = 911 + − 91 pA/pF; P < 0.05).
To investigate if the syntaxins decreased Kv2.1 current density by inhibiting the trafficking of Kv2.1 protein to the plasma membrane, we performed confocal immunofluorescence microscopy ( Figure 2A ). When Kv2.1 was expressed alone, there was bright and distinct fluorescence at the cell periphery ( Figure 2A To determine quantitatively the amount of decrease of plasmamembrane surface expression of Kv2.1 caused by the over- expression of WT and the open form Syn-1A, we performed the following study. Transfected HEK-293 cells were biotinylated so that plasma-membrane proteins can be separated using the streptavidin resin. Consistent with the results in Figure 2 (A), Figure 2(B, i) shows that the level of plasma-membrane Kv2.1 protein pulled down by the streptavidin resin was decreased to a similar extent with WT and open form Syn-1A co-expression (18 + − 5 and 20 + − 12 % respectively; three separate experiments). The Kv2.1 protein content in the total lysates determined just before the treatment with streptavidin resin did not change, indicating that neither syntaxin had any significant effect on total protein synthesis of Kv2.1 ( Figure 2B , ii). The greater effect of the open Syn-1A than WT Syn-1A in decreasing Kv2.1 current density could probably be due to a higher expression of the open Syn-1A at the plasma membrane. As Syn-1A does not possess an extracellular domain to be biotinylated, it is not possible to quantify the surface expression of Syn-1A using the biotinylation methods. However, total synthesis of both the syntaxins was similar ( Figure 2B, iii) . Furthermore, the surface signal for the open Syn-1A did not appear to be stronger than that for the WT Syn-1A. (insets in Figure 2A , middle and right panels).
The confocal microscopy and biotinylation/Western-blot results taken together indicate that the greater decrease in the Kv2.1 current density by the open form of Syn-1A compared with the WT Syn-1A, was probably not due to a more severe defect in trafficking, but rather due to a direct and more potent inhibition by the open form of Syn-1A on Kv2.1 channel gating. We had shown that WT-Syn-1A binds strongly to the Kv2.1-C1 (amino acids 412-633) and Kv2.1-C2 termini (amino acids 634- 853) but less strongly to Kv2.1-N terminus (amino acids 1-182) [21] . In the present study, we confirm that the open form of Syn-1A also binds to these Kv2.1 domains. As shown in Figure 3(A) , GST-Kv2.1-N, -C1 and -C2 domain proteins (all bound to glutathione beads) were able to pull down similar amounts of the open form of Syn-1A when compared with WT Syn-1A. GST, as a negative control, did not bind either the open form or WT Syn-1A.
We then compared the direct and functional effects of these Syn-1A proteins on Kv2.1 by dialysing recombinant GST-Syn-1A proteins into Kv2.1-transfected cells ( Figure 3B) . Dialysis of the control GST protein did not significantly affect the current magnitude. Dialysis of GST-Syn-1A WT into the cell for 5 min caused a small (18 + − 3 %) but significant (P < 0.05) decrease in the magnitude of current. The decrease in the magnitude of the current by dialysis of the open form Syn-1A was greater (27 + − 2 %) and significantly different from WT Syn-1A (P < 0.05), providing evidence for a stronger direct inhibition of Kv2.1 by the open form of Syn-1A.
Putative domain within Syn-1A that inhibits Kv2. 1 The greater inhibition by the open form of Syn-1A prompted us to examine which Syn-1A domain(s) might be mediating the inhibition on Kv2.1. In its closed form, Syn-1A N-terminal H ABC flips over on to the C-terminal H3 domain like a hairpin, blocking H3 domain binding to a number of Syn-1A interacting proteins [6] . When Syn-1A is activated to its open form, Syn-1A straightens out to expose fully the H ABC and H3 domains [6] . The H3 domain has been shown to be the active domain of Syn-1A that causes inhibition of N-type VDCC and epithelial Na + channels [25, 26] .
We therefore examined next which of these Syn-1A domains might be the putative domain that binds and modulates Kv2.1. We used GST-Syn-1A-H3 and GST-Syn-1A-H ABC (bound to glutathione agarose beads) to pull down Kv2.1 from Kv2.1-overexpressing HEK-293 cell extract ( Figure 4A ). GST-Syn-1A-H ABC bound very weakly to Kv2.1. In contrast, GST-Syn-1A-H3 domain bound strongly to Kv2.1, but the binding was less than GST-Syn-1A-WT. GST alone did not bind Kv2.1 at all. Consistently, dialysis of the recombinant H3 domain into Kv2.1-expressing cells ( Figure 4B ) significantly inhibited the Kv2.1 current (14 + − 2 %, P < 0.05). The inhibitory effect of the H ABC domain was very small and insignificant. Interestingly, the addition of H ABC to H3 did not reverse H3-mediated inhibition of Kv2.1, and in fact the effect on Kv2.1 was not different from H3 alone. The latter result suggests that the distinct effects of the open and closed forms of Syn-1A on Kv2.1 are not simply conferred by the independent actions of its H3 and H ABC domains, but also by the conformations adopted by the full-length Syn-1A proteins.
Open Syn-1A modulation of Kv2.1 channel gating is distinct from that by WT Syn- 1A We previously reported that WT Syn-1A profoundly affected Kv2.1 channel gating properties, including the rate of activation and voltage dependence of steady-state inactivation. We next explored whether the open form Syn-1A differed from the WT Syn-1A in modulating these channel-gating properties. As both syntaxins decreased current density, only those cells expressing currents 4 nA were selected for analysis because HEK-293 cells express endogenous outward K + currents approx. 0.4 nA in amplitude (results not shown). Kv2.1 had a rapid activation rate, with a τ of 5.5 + − 0.6 ms ( Figures 5A and 5B) . Overexpressed WT Syn-1A significantly slowed down the activation rate (τ = 7.9 + − 0.8 ms; P < 0.05). The open form Syn-1A slowed down activation more than WT Syn-1A (τ = 12.3 + − 0.8 ms; P < 0.05). Kv2.1 exhibited a very slow inactivation rate, which was not affected by the WT or open form of Syn-1A ( Figures 5C and 5D ).
Since both syntaxins slowed down Kv2.1 activation, we then investigated if they would affect the voltage dependence of activation of Kv2.1. To study this, instantaneous activation curves were obtained using the method in which voltage steps from − 50 to + 60 mV in 10 mV increments were followed by tail currents elicited at − 40 mV. Normalized peak tail currents were then plotted against the various voltage steps and fitted to the Boltzmann equation (Figure 6A) . Surprisingly, neither syntaxin significantly altered the voltage dependence of the activation of Kv2.1. We next performed steady-state inactivation experiments to determine channel availability as a function of the membrane potential. A dual-pulse method was used in which a test pulse step of + 70 mV was preceded by a long pre-pulse (12 s) to different potentials. The test pulse currents were normalized to the largest test pulse current and plotted against the pre-pulse voltages. The results were best fit with the Boltzmann equation (Figure 6B ). Kv2.1 currents have a half-maximal inactivation potential (V 1/2 ) of − 24.8 + − 2.0 mV. Consistent with our previous report [21] , the modest leftward shift of the inactivation curve (V 1/2 value of − 29.4 + − 1.1 mV) caused by WT Syn-1A was statistically insignificant. In contrast, open Syn-1A caused a larger hyperpolarizing shift in the inactivation curve than WT Syn-1A (V 1/2 value of − 33.1 + − 1.3 mV). This V 1/2 value is significantly different (P < 0.05) from those of control and WT Syn-1A. WT Syn-1A significantly decreased the slope factor from 15.2 + − 2.1 to 7.6 + − 0.4 (P < 0.05), indicating that WT Syn-1A increased the sensitivity of voltage-dependent inactivation within the physiological range (− 40 to − 10 mV). Open Syn-1A also significantly (P < 0.05) decreased the slope factor (7.8 + − 0.6), but this value was similar to that caused by the WT Syn-1A.
DISCUSSION
Open form Syn-1A is a stronger inhibitor of Kv2.1 currents compared with the WT Syn-1A
In our recent report, we showed that WT Syn-1A inhibits the magnitude of the Kv2.1 current and modulates its gating properties by binding to the cytoplasmic C-terminus of Kv2.1 channel [21] . During exocytosis, Syn-1A converts from the closed state to an open state, particularly during the process of priming [1] [2] [3] [4] [5] [6] [7] [8] . We therefore examined in the present work if the open and closed forms of Syn-1A differentially modulate the gating properties of Kv2.1. In our previous works showing Syn-1A regulation of Kv channels and VDCC, the form of Syn-1A used was the WT [12, [19] [20] [21] [22] . Of note, the WT Syn-1A may not entirely represent the closed form, as it was recently shown by single-molecule fluorescence resonance energy transfer measurement to exhibit a rapid dynamic equilibrium between the closed and open forms [27] . Therefore to examine the specific actions of the activated open form Syn-1A, we employed the mutant Syn-1A which is constitutively open by the introduction of two mutations at the linker region (L165A, E166A) [6, 9] .
In co-expression experiments, the open form of Syn-1A decreased the Kv2.1 current density more effectively than WT Syn-1A. This does not appear to result from stronger inhibition of trafficking of Kv2.1 to the cell surface, as confocal microscopy and biotinylation results showed that the open form and WT Syn-1A inhibited Kv2.1 plasma-membrane surface expression to a similar extent. The stronger channel inhibition by the open form Syn-1A compared with WT Syn-1A may be contributed by possible higher expression levels of the open form Syn-1A. However, our results from confocal microscopy and Western-blot analysis do not support this possibility. Another point to argue against this possibility is that in our previous work [21] , we had shown that an even higher expression of WT Syn-1A compared with the results reported in the present study did not achieve the degree of gating modulation observed with the open form of Syn-1A (see below). Taken together, the results suggest that the open form of Syn-1A causes a stronger direct inhibition on Kv2.1 compared with WT Syn-1A.
To verify further that the open form of Syn-1A is more potent compared with WT Syn-1A, recombinant proteins of the open form or WT Syn-1A were dialysed into Kv2.1-expressing cells. The results indicate that the open form Syn-1A is indeed stronger than WT Syn-1A in directly inhibiting the channel. As the H3 domain is fully exposed after Syn-1A opens up, we tested whether the H3 domain would act similarly to the open form of Syn-1A. H3 has been shown to be the active domain in mediating Syn-1A inhibition of N-type VDCC and the epithelial Na + channel [25, 26] . Indeed, H3 but not H ABC caused a significant inhibition of the Kv2.1 channel activities. Consistently, H3 bound Kv2.1 strongly, whereas H ABC exhibited almost no binding to Kv2.1. However, H3 inhibition (14 + − 2 %) was significantly less (P < 0.05) than that by the open form of Syn-1A (27 + − 2 %), and the addition of the 'negative' regulatory H ABC domain did not enhance or prevent the inhibiting action of the H3 domain. These results suggest that optimal inhibition of the Kv2.1 channel may require either the full-length Syn-1A molecule or a distinct conformational change to the H3 domain when Syn-1A assumes the open conformation. In contrast, Jarvis et al. [28] reported that the very N-terminus including the H A domain appeared to be sufficient to bind and anchor to the synprint site of N-type [21] showed that, while Syn-1A (WT) also binds the Kv2.1 cytoplasmic N-terminus (as confirmed in Figure 3A) , the channel inhibition did not seem to be transduced via this channel domain.
Open form of Syn-1A is a stronger inhibitor than WT Syn-1A in modulating Kv2.1 gating Syn-1A is a plasma membrane-bound protein, with the last 22 amino acids at the C-terminus inserted into the plasma membrane, and the rest of the protein free in the cytoplasm [25] . The GST-fusion proteins of Syn-1A (or its domains) lack the transmembrane domain, and therefore, their ability to inhibit directly Kv2.1 suggests that neither the membrane spanning domain of Syn-1A nor its anchoring to the plasma membrane is absolutely required for Kv2.1 inhibition. Nevertheless, the relatively small inhibition on Kv2.1 by dialysed syntaxins may be due to suboptimal targeting to the plasma membrane. We therefore coexpressed Kv2.1 and syntaxins in subsequent experiments to examine the effects of the WT and the open form of Syn-1A on Kv2.1 gating. We previously showed that overexpressed WT Syn-1A slows down activation and increases the voltage sensitivity of steady-state inactivation of Kv2.1 ([21] ; also see Figures 5  and 6 ). When we used dialysed WT-Syn-1A, we did not notice this slowing down of activation (results not shown), suggesting that membrane targeting or the membrane-spanning domain of Syn-1A might support the modulation of Kv2.1 gating. In the present study, we further report much stronger inhibitory effects with the open form of Syn-1A overexpression. First, the open form of Syn-1A slows down the time constant of Kv2.1 activation from 5.5 to 12.3 ms, much longer than the 7.9 ms observed with WT Syn-1A. Secondly, although both syntaxins increased the voltage sensitivity of steady-state inactivation, only the open form of Syn-1A caused a significant leftward shift in the inactivation of V 1/2 (8.3 mV compared with 4.6 mV by WT Syn-1A). In our previous work [21] , increasing the dosage of WT Syn-1A cDNA used in the transfection to 3 µg (from 1 µg) decreased Kv2.1 current density further to approx. 20 % of control (similar to that observed in the present study with 1 µg of open form Syn-1A; see Figure 1 ), but did not cause any significantly stronger effects on Kv2.1 gating (activation τ slowed down to only 8.5 ms and leftward shift in inactivation V 1/2 was only 4.8 mV). These observations suggest that the stronger effects of open form Syn-1A on Kv2.1 gating compared with WT Syn-1A are unlikely to be the result of higher expression of open form Syn-1A, but rather because of the qualitative differences between the two forms of syntaxins on Kv2.1 gating.
Physiological significance
We have provided here the first report showing that open form Syn-1A inhibits the Kv2.1 channel more than WT Syn-1A. We have also identified the structural determinant of Syn-1A (H3 domain) in mediating Kv2.1 inhibition. Since WT Syn-1A has been shown to 'flip-flop' between the closed and open forms [27] , our previous report using WT Syn-1A [21] may not entirely represent the closed form. It therefore becomes reasonable to speculate that the closed form may inhibit Kv2.1 less than WT Syn-1A. Unfortunately, there is so far no constitutively closed form Syn-1A reported to verify this point. Interestingly, Zamponi's group has demonstrated that while both WT and open form Syn-1A equally support G-protein inhibition of N-type VDCC, the availability of N-type VDCC was only decreased by WT Syn-1A, but not by the open form Syn-1A [28] . What is the physiological significance of such reciprocal modulation of VDCC and Kv channels by the conformational changes of Syn-1A? The model depicted in Figure 7 , which takes into consideration of our results and the interpretation by Zamponi's group [28] , proposes that such reciprocal modulation optimally regulates the membrane potential and thus exocytosis. When the vesicles are just docked and the cell is at rest, Syn-1A is in the closed form ( Figure 7A ). The closed form Syn-1A decreases significantly the availability of N-type VDCC but causes little inhibition on Kv2.1. After priming, Syn-1A adopts an open configuration and causes stronger inhibition on Kv2.1 but has no inhibitory effect on N-type VDCC ( Figure 7B ). Since Kv2.1 channel and N-type VDCC are still closed at this stage, the inhibition by either the closed or open form of Syn-1A does not bear much significant effects. As the cell is stimulated and depolarized, both Kv2.1 and N-type VDCC open ( Figure 7C) . Since the open form of Syn-1A does not decrease N-type VDCC availability, it allows maximal Ca 2+ influx. At the same time, the open form of Syn-1A strongly inhibits Kv2.1 to limit K + efflux, thus decelerating membrane repolarization and consequently augmenting Ca 2+ influx during exocytosis. After exocytosis, as the SNARE core complex disassembles, Syn-1A reverts back to the closed form ( Figure 7D ). The closed form Syn-1A strongly decreases N-type VDCC availability, resulting in a diminished Ca 2+ influx. At the same time, the closed form Syn-1A exerts less inhibition on Kv2.1, allowing more K + efflux and accelerating repolarization. Eventually, the cell repolarizes to its resting potential with the consequent closure of both the N-type VDCC and Kv2.1. Further studies are necessary to determine whether other types of VDCC, other Kv family members and K ATP channels [29, 30] are also differentially modulated by the conformational changes of Syn-1A.
